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The recent success in transformation of Chlamydia trachomatis represents a major advancement in Chlamydia research. Plas-
mid-free C. trachomatis serovar L2 organisms can be transformed with chlamydial plasmid-based shuttle vectors pGFP::SW2
and pBRCT. Deletion of plasmid genes coding for Pgp1 to Pgp8 in pBRCT led to the identification of Pgp1, -2, -6, and -8 as plas-
mid maintenance factors; Pgp4 as a transcriptional regulator of chlamydial virulence-associated gene expression; and Pgp3, -5,
and -7 as being dispensable for chlamydial growth in vitro. Using the pGFP::SW2 vector system, we confirmed these findings in
the current report. To further dissect the roles of pgp coding sequences and Pgp proteins in plasmid maintenance, we introduced
premature stop codons into the pgp genes. Stable transformants were obtained with pGFP::SW2 derivatives carrying premature
stop codons in pgp8 but not in pgp1, pgp2, and pgp6, suggesting that the pgp8 coding sequence but not the Pgp8 protein is re-
quired for maintaining the plasmid, while Pgp1, -2, and -6 proteins are necessary for plasmid maintenance. We also found that a
minimum of 30 nucleotides in the pgp3 coding region was required for pgp4 expression. Finally, mCherry red fluorescent pro-
tein was successfully expressed when the mCherry gene was used to replace the pgp3, pgp4, or pgp5 coding region, indicating that
these regions can be used to express nonchlamydial genes in chlamydial organisms. These novel observations have provided in-
formation for further use of chlamydial plasmid shuttle vectors as genetic tools to understand chlamydial biology and pathoge-

nicity as well as to develop attenuated chlamydial vaccines.

hlamydia trachomatis is an obligate, intracellular, Gram-neg-
ative bacterium that is composed of various biovars. The oc-
ular strains of trachoma biovar (consisting of serovars A to C)
infect mainly ocular epithelial cells, which may lead to blindness
(1). The genital strains of trachoma biovar (serovars D to K) cause
sexually transmitted infections, which can result in complications
such as ectopic pregnancy and tubal factor infertility (2). The lym-
phogranuloma venereum (LGV) biovar, consisting of serovars L1
to L3, invades mainly genital and rectal epithelial tissues and can
cause disseminated infections (3). Although strains of these bio-
vars share a high degree of genetic identity, it has been difficult to
determine which of the limited genetic differences among these
strains dictates biovar-specific pathogenicity, due to a lack of ge-
netic tools. Nevertheless, it has been proposed that chlamydial
intracellular infection-induced inflammatory responses may con-
tribute significantly to pathogenesis (4-7). All C. trachomatis or-
ganisms have to replicate inside eukaryotic cells and share a highly
conserved biphasic life cycle. C. trachomatis intracellular infection
starts with an infectious elementary body (EB) entering an epithe-
lial cell via endocytosis. The intravacuolar EB rapidly differenti-
ates into a reticulate body (RB) that is no longer infectious but is
metabolically active and can undergo replication. The progeny
RBs eventually differentiate back into EBs for exiting infected cells
and spreading to new cells. Although intracellular chlamydial or-
ganisms always restrict themselves within cytoplasmic vacuoles,
also called inclusions, inflammatory responses are induced during
both intracellular growth and cell-to-cell spreading (4, 7, 8),
which may contribute significantly to Chlamydia-induced inflam-
matory pathology. However, it has been difficult to determine
which chlamydial virulence factors are responsible and how these
factors induce pathology-causing inflammation, due to a lack of
convenient genetic tools.
Almost all C. trachomatis clinical isolates contain a highly con-
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served plasmid that has coevolved with the cognate chlamydial
genome (9-11). The plasmid may play a significant role in C.
trachomatis pathogenesis, since plasmid-free trachoma serovar A
organisms no longer caused pathology in primate ocular tissues
(12), which validated the previously reported finding that plas-
mid-free Chlamydia muridarum organisms were highly attenu-
ated in mouse genital tract (13). The plasmid in C. trachomatis
serovar L2 is known to regulate the expression of more than 20
genes at the transcription level (14). Plasmid-free C. trachomatis
organisms displayed reduced expression levels of glycogen synthe-
sis genes and lacked glycogen accumulation in inclusions (14).
Recently, Wang et al. developed a chlamydial plasmid shuttle vec-
tor-based transformation system that allowed the authors to fully
complement plasmid-free L2 organisms (15). This technology has
offered an opportunity for chlamydiologists to genetically manip-
ulate chlamydial organisms and define the molecular basis of plas-
mid-dependent pathogenesis (16). The shuttle vector used by
Wang et al. was designated pGFP::SW2, which expresses a green
florescence protein (GFP) and contains two origins of replication
derived from bacterial plasmid pSP73 and a C. trachomatis serovar
E plasmid, respectively. To make plasmid open reading frame
(pORF) deletion mutants, Song et al. used the pBRCT shuttle
vector, which is similar to pGFP::SW2 but without the GFP gene
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and being derived from L2 plasmid. pORF deletion analysis re-
vealed that Pgpl, -2, -6, and -8 are critical for plasmid mainte-
nance and that Pgp4 is a transcriptional regulator of chlamydial
gene expression and glycogen synthesis, while Pgp3, -5, and -7 are
dispensable for chlamydial growth in vitro (16). Some of these
observations were confirmed by Wang et al. (17, 18).

This study was performed to further characterize chlamydial
pORFs. By using a combination of pORF deletion and premature
stop codon installation approaches, we found that the protein
functions of Pgp1, -2, and -6 were necessary for plasmid mainte-
nance, while the pgp8 DNA sequence but not the function of the
Pgp8 protein was required for maintaining the plasmid. We also
found that a sequence of 30 nucleotides or more in the pgp3 gene
was required for optimal expression of pgp4. More importantly,
we found that pgp3, pgp4, and pgp5 coding regions could be used
to express foreign genes in chlamydial organisms. These observa-
tions have provided novel and important information for further
use of the chlamydial plasmid shuttle vector systems to under-
stand chlamydial pathogenic mechanisms and develop attenuated
chlamydial vaccines.

MATERIALS AND METHODS

Cell culture and chlamydial infection. HeLa cells (human cervical epi-
thelial carcinoma cells) (ATCC CCL2), L929 cells (mouse fibroblast cells)
(NCTC 929; ATCC CCL-1), as well as C. trachomatis L2 organisms (L2/
LGV-434/Bu) were purchased from the ATCC, while L2R [L2(25667R)]
organisms were kindly provided by Julius Schachter from the University
of California at San Francisco (14, 19, 20). Chlamydial organisms were
propagated, purified, aliquoted, and stored as described previously (21,
22). For infection, cells grown in 24-well plates with coverslips or 6-well
plates containing Dulbecco’s modified Eagle’s medium (DMEM; Sigma,
St. Louis, MO) with 10% fetal bovine serum (FBS; Gemini Bio-Products,
West Sacramento, CA) at 37°C in an incubator supplied with 5% CO,
were inoculated with chlamydial organisms as described previously (23).

Construction of recombinant plasmids for transformation. For
making pORF deletion mutants, the primer pairs listed in Table S1 in the
supplemental material were used to amplify two DNA fragments lacking
the desired pORF by PCR using AccuPrime Pfx SuperMix (Life Technol-
ogies, Grand Island, NY) and pGFP::SW2 (kindly provided by Ian Clark)
(15) as the template. For mCherry gene replacement, a third PCR product
containing the mCherry gene was generated by using the corresponding
primers listed in Table S2 in the supplemental material so that the
mCherry gene replaced the coding region of pgp3, pgp4, or pgp5. The PCR
conditions were as follows: an initial denaturation step at 95°C for 3 min
followed by 35 cycles of amplification at 95°C for 15 s, 55°C for 30 s, and
68°C for 1 min per kb and a final extension step at 68°C for 10 min. PCR
products were purified by using the GeneJET PCR purification kit (Fisher
Scientific, Pittsburgh, PA) and digested with FastDigest DpnlI (Fisher Sci-
entific, Pittsburgh, PA) to remove template DNA. An In-Fusion HD clon-
ing kit (Clontech Laboratories Inc., Mountain View, CA) was used to fuse
the desired PCR products according to the manufacturer’s instructions.
The fusion products were transformed into Stellar competent cells (in-
cluded in the Clontech In-Fusion HD cloning kit), and the transformants
were selected for ampicillin resistance on an LB agar plate. Bacterial col-
onies were screened for positive green fluorescence by visualization under
a fluorescence microscope and a for lack of the intended pORF and/or the
presence of the mCherry gene in the correct position by PCR (the screen-
ing primers are listed in Table S3 in the supplemental material). Plasmids
were extracted from the colonies with the desired screening results, and
the purified plasmids were transformed into Escherichia coli K-12 ER2925
(Dam™ Dem™ strain; New England BioLabs, Ipswich, MA) for amplifica-
tion. The final plasmids were extracted, subjected to DNA sequencing
analyses, and used for chlamydial transformation.

For constructing nonsense mutants of the pORF, one or two prema-
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ture stop codons were introduced into each pORF in pGFP::SW2 accord-
ing to instructions provided by the manufacturer of the QuikChange II
site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA).
Briefly, the pGFP::SW2 plasmid was amplified with the appropriate prim-
ers (see Table S4 in the supplemental material) that incorporate the de-
sired nucleotide substitutions by using PCR with AccuPrime Pfx Super-
Mix. The PCR conditions were as follows: an initial denaturation step at
95°C for 30 s followed by 18 cycles of amplification at 95°C for 30 s, 55°C
for 1 min, and 68°C for 1 min per kb and then a final extension step at 68°C
for 10 min. PCR products were purified by using the GeneJET PCR puri-
fication kit and digested with FastDigest Dpnl to remove the template
DNA. The digested PCR products were purified, recombined, and trans-
formed into E. coli XL-1 Blue competent cells. Plasmids were extracted
from bacterial colonies positive for green florescence, and the extracted
plasmids were partially sequenced for validation of mutations. The plas-
mids with the desired mutations were transformed into E. coli K-12
ER2925 for amplification. The amplified plasmids were fully sequenced and
used for transforming chlamydial organisms. The final resultant plasmids
were designated pGFPpgp1Y16stop (the 16th codon of pgpI coding for the
amino acid tyrosine was converted into a stop codon), pGFPpgp2C7stop,
pGFPpgp3L71stop, pGFPpgp4K13stop, pGFPpgp5L9stop, pGFPpgp6K
14stop, pGFPpgp7L11stop, pGFPpgp8E11stop, and pGFPpgp8K188stop.

Transformation of plasmid-free C. trachomatis L2R organisms.
Chlamydial transformation was performed by using the transformation
protocol developed by Wang et al. (15), with modifications. Briefly, 10 pl
L2R organisms (1 X 107 inclusion-forming units [IFU]) and 10 wl plas-
mid DNA (~7 ng) were mixed in a total volume of 200 p.l CaCl, buffer for
45 min at room temperature. Freshly trypsinized 1929 cells (6 X 10° cells)
resuspended in 200 wl CaCl, buffer were added to the EB-plasmid mix-
ture and incubated for a further 20 min at room temperature, with occa-
sional mixing. Each 70 wl of the final mixture was plated onto a single well
of a six-well plate together with 1.5 ml of prewarmed DMEM plus 10%
FBS. The cells were allowed to adhere to the culture plate by incubation at
37°C in 5% CO, without cycloheximide or ampicillin for 24 h. The cul-
tures were replenished with fresh DMEM-10% FBS containing cyclohex-
imide (2 pg/ml) and ampicillin (5 pg/ml) and incubated for an additional
24 h. Inclusions positive for green fluorescence were identified under a
fluorescence microscope and picked up for passage on a fresh monolayer
of HeLa cells in the presence of ampicillin (20 pg/ml). The resultant in-
clusions remaining positive for green fluorescence were defined as gener-
ation 2 and were passed for an additional 3 to 4 generations to enrich
fluorescence-positive organisms, which were finally plaque cloned, as de-
scribed previously (24), for further experiments.

Live-cell-culture microscopy and indirect immunofluorescence as-
say. An IX-81 inverted fluorescence microscope (Olympus, Center Valley,
PA) was used to visualize live cells without or with infection by L2, L2R, or
L2R transformants. Simple PCI imaging software (Olympus) was used to
acquire both bright-field and green (GFP) or red (mCherry) fluorescence
images, and Adobe Photoshop (Adobe, San Jose, CA) was used for post-
acquisition processing of the images.

For immunofluorescence images, HeLa cells with or without chla-
mydial infection were fixed at 30 h postinfection with 2% paraformalde-
hyde dissolved in phosphate-buffered saline (PBS) for 30 min at room
temperature, followed by permeabilization with 2% saponin (Sigma, St.
Louis, MO) for an additional 30 min. After blocking, the cell samples were
subjected to antibody and chemical staining. Hoechst 33258 (blue; Sigma)
was used to visualize DNA (blue). A rabbit antichlamydial organism an-
tibody (R1L2 [25]) plus a goat anti-rabbit IgG secondary antibody conju-
gated with Alexa Fluor 488 (green; Jackson ImmunoResearch, West
Grove, PA) were used to visualize chlamydial organisms. The mouse anti-
GlgA (glycogen synthase A) antibody (raised with a glutathione S-trans-
ferase [GST]-GlgA fusion protein [our unpublished data]) plus a goat
anti-mouse IgG conjugated with Cy3 (red; Jackson ImmunoResearch)
were used to visualize GIgA. The immunofluorescence images were ac-
quired by using an Olympus AX-70 fluorescence microscope equipped
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A Deletion region list B
Coding regions  Regions
in pGFP::SW2  deleted
pgp1 1257-2612 1257-2612 pgp1
pgp2 2606-3670  2613-3670 pgp2
pgp3 3732-4526  3732-4526 pgp3
Pgp4  4596-4904  4596-4904 pgp4
PgP5 4932-5726  4932-5722 Pgp5
PgpP6 5723-6466  5727-6466 pgp6
pgp7 6700-7215* 6700-7215* pap7
pgp8 0122-1114  0122-1114 pgp8
*Pgp7 is truncated with only 486bp coding region
C L2R L2R L2R L2R L2R
pGFP:: pGFP  pGFP pGFP  pGFP
L2 Wt L2R Sw2 APgp3 APgp4 APgp5 APgp7
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FIG 1 Effect of pORF deletion on GIgA protein expression and glycogen synthesis. (A) Each of the 8 individual ORFs from the shuttle vector pGFP::SW2 was
deleted, with the deletion region indicated. (B) The deletion mutants, designated pGFPAPgp1 to pGFPAPgp8, together with the parent plasmid (pGFP::SW2),
as listed on top of the gel image, were detected for the presence of each of the 8 pORFs (from top to bottom rows) by PCR. (C) The 9 plasmids were each
transformed into plasmid-free L2 (L2R). However, stable L2R transformants were obtained with only 5 out of the 9 plasmids. The 5 stable transformants,
designated L2RpGFP::SW2, L2ZRpGFPAPgp3, L2RpGFPAPgp4, L2ZRpGFPAPgp5, and L2RpGFPAPgp7, along with wild-type L2 (L2 Wt) and plasmid-free L2
(L2R) organisms were used to infect HeLa cells. The infected cells were monitored for live-cell bright-field appearance (a to g) and green fluorescence intensity
(GFP) (h to n); triple immunofluorescence labeling for GIgA protein (red), chlamydial organisms (green), and DNA (blue) (o to u); and iodine staining of
glycogen accumulation (v to bb). Inclusions positive for glycogen staining are marked with white arrows, while those with a lack of glycogen staining are marked
with white arrowheads. Note that both GIgA expression and glycogen accumulation were restored in L2R organisms transformed with plasmid pGFP:SW2

(q and x) and plasmids with a deletion of pgp5 (t and aa) or pgp7 (u and bb) but not in plasmids with a deletion of pgp4 (s and z) or pgp3 (r and y).

with multiple filter sets and Simple PCI imaging software, as described
previously (26).

Iodine staining. HeLa cells with or without chlamydial infection were
fixed with ice-cold methanol for 10 min. The cell samples were stained
with 5% iodine stain (5% potassium iodide and 5% iodine in 50% etha-
nol) for 40 min. The coverslips were mounted in 50% glycerol containing
5% potassium iodide and 5% iodine. The images were acquired by using
an Olympus CH-30 microscope equipped with a Canon EOS Rebel T3i
Digital SLR camera. The images were processed by using Adobe Photo-
shop.

Quantitative real-time RT-PCR. HeLa cells grown in 6-well plates
(1 X 10° cells/well) were infected with EBs at a multiplicity of infection
(MOI) of 2. Thirty hours after infection, the cells were harvested by using
TRIzol reagent (Life Technologies, Grand Island, NY), and the total RNA
from each sample was extracted with a Direct-zol RNA Miniprep kit
(Zymo Research, Irvine, CA). The RNA preparations were used for cDNA
synthesis with random hexamer primers by using a ThermoScript reverse
transcription-PCR (RT-PCR) system (Life Technologies, Grand Island,
NY). TagMan RT-PCR assays were then performed by using a CFX96
Touch Deep Well real-time PCR detection system (Bio-Rad, Hercules,
CA) with iQ Supermix (Bio-Rad). The gene-specific primers used (see
Table S5 in the supplemental material) included unlabeled primers and a
double-quenched probe (5'FAM/ZEN/3'IBFQ; Integrated DNA Tech-
nologies, Coralville, IA). The PCR conditions were as follows: an initial
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denaturation step at 95°C for 3 min followed by 40 cycles of amplification
at 95°C for 15 s and 60°C for 1 min. The transcript copy numbers for a
given gene from triplicate samples were calculated based on a standard
plasmid DNA preparation and further normalized to the copy numbers of
chlamydial [pdA mRNA in the corresponding samples.

RESULTS

Targeted ORF deletion in pGFP::SW2 results in phenotypes
similar to those observed for pPBRCT ORF deletion mutants and
reveals a requirement of 30 nucleotides in the pgp3 coding re-
gion for pgp4 expression. The analysis of an individual plasmid
OREF deletion mutation in the pBRCT shuttle vector led Song et al.
to discover that Pgp1, -2, -6, and -8 are required for plasmid main-
tenance and that Pgp4 is a regulator of chlamydial gene expression
and glycogen synthesis (16). We tested whether similar pheno-
types can be obtained with the pGFP::SW2 shuttle vector, as
pBRCT is derived from a serovar L2 strain (15, 16), while pGFP::
pSW2 is derived from a natural mutant serovar E plasmid that
possesses a distinct 377-bp deletion in pgp7 and a 44-bp duplica-
tion upstream of pgpl (15). Deletion of each of the 8 full-length
ORFsin the pGFP::SW2 plasmid was performed, and the resultant
plasmids were designated pGFPAPgpl to pGFPAPgp8 (Fig. 1A
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FIG 2 Effect of pORF deletion on expression of other genes. HeLa cell were infected with wild-type L2 (L2 Wt), plasmid-free L2 [L2R(25667)], or various stable
L2R transformants, including L2ZRpGFP::SW2, L2RpGFPApgp3, L2RpGFPApgp4, L2RpGFPApgp5, and L2ZRpGFPApgp7, and the infected cultures were har-
vested at 30 h postinfection for total RNA preparation. The transcript copy number was determined from three replicates by using gene-specific primer/probe
sets and TagMan quantitative RT-PCR and was normalized to the [pdA mRNA copy number in the corresponding samples, since IpdA is constitutively expressed.
Three groups of genes were detected, including plasmid-borne genes (pgp1 to pgp8), plasmid-regulated chromosomal genes (CTL0397, CTL0814, and CTL0167
[glgA]), and the non-plasmid-regulated chromosomal gene CTL0050 (ompA) (encoding the major outer membrane protein). Note that there is a significant
reduction in the expression level of plasmid-regulated genes (except for CTL0814) by L2R, L2ZRpGFPAPgp3, and L2ZRpGFPAPgp4 but not by L2ZRpGFPAPgp5

and L2RpGFPAPgp7 organisms.

and B). These plasmids together with pGFP:SW2 and pBRCT
were transformed into plasmid-free L2 organisms (L2R), as de-
scribed previously (15, 16). The corresponding transformants
were designated L2ZRpGFPAPgp1 to L2ZRpGFPAPgp8, L2RpGFP,
and L2RpBRCT, respectively. Stable transformants were obtained
only with pGFPAPgp3, -4, -5, and -7 and not with pGFPAPgpl,
-2,-6,and -8 (Fig. 1C and data not shown), in complete agreement
with previous observations made with the pBRCT vector system
(16). Clearly, Pgpl, -2, -6, and -8 but not Pgp3, -4, -5, and -7 were
required for plasmid maintenance. As shown in both Fig. 1C and
2, the impacts of the Pgp3, -4, -5, or -7 deletion on the expression
of other chlamydial genes and glycogen synthesis were also similar
to those observed previously (16). L2ZRpGFPAPgp4 but not
L2RpGFPAPgp5 or L2RpGFPAPgp7 displayed significantly re-
duced transcript levels of plasmid genes as well as the chromo-
somal genes CTL0397 and CTL0167 (glgA) but not CTL0814.
Moreover, the transformant L2ZRpGFPAPgp4 failed to produce
GlgA protein or accumulate glycogen (Fig. 1C). Surprisingly,
L2RpGFPAPgp3 displayed a phenotype similar to that of
L2RpGFPAPgp4 (Fig. 1 and 2), which was quite different from
what Song et al. observed (16). LZRpBRCTAPgp3 produced 55
copies of normalized pgp4 transcripts, representing ~46% of the
pgp4 mRNA level in the control transformant L2ZRpBRCT (Fig.
3B). Apparently, the slight reduction in the pgp4 expression level
did not affect the ability of LZRpBRCTAPgp3 to express detectable
levels of GIgA protein or to accumulate detectable levels of glyco-
gen (Fig. 3B). However, LZRpGFPAPgp3 expressed only ~5 cop-
ies of the pgp4 transcript, representing only ~6% of the pgp4
mRNA level in fully complemented L2R organisms (L2RpGFP).
This severe reduction in Pgp4 expression resulted in a lack of
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detection of GlgA protein or glycogen. These observations sug-
gested that deletion of the full-length pgp3 coding region in
pGFP::SW2 negatively affected downstream Pgp4 expression.

Careful sequence comparison revealed that pBRCTAPgp3 con-
tained a 3’ region of 60 nucleotides of pgp3 (16) and 12 additional
unrecognized nucleotides (data not shown), but pGFPAPgp3 did not
(Fig. 3A). To examine whether this 3’ pgp3 coding region was critical
for pgp4 expression, we constructed a series of pgp3 deletion mutants
in pGFP::SW2 by keeping 72, 30, or 15 nucleotides of the 3" pgp3
coding sequence. The resultant L2R transformants, designated
L2RpGFPAPgp3(72), L2RpGFPAPgp3(30), and L2RpGFPAPgp3
(15), respectively, were compared for their abilities to express pgp4
and synthesize GIgA protein and glycogen (Fig. 3B). We found that
the longer the 3’ pgp3 region remained, the higher level of pgp4 was
expressed. While 36 normalized copies of pgp4 transcripts were ex-
pressed in L2RpGFPAPgp3(72) organisms, representing ~46% of
the normalized pgp4 transcripts in LZRpGFP organisms, there were
21 in L2RpGFPAPgp3(30), representing 27%, and only 4 in
L2RpGFPAPgp3(15), representing only 5% of normalized pgp4 tran-
scripts. Interestingly, both GIgA protein and glycogen were detected
in cells infected with L2ZRpGFPAPgp3(72) or L2RpGFPAPgp3(30)
but not in cells infected with LZRpGFPAPgp3(15). We reasoned that
a minimum of 30 nucleotides in the 3" pgp3 region was sufficient for
pgp4 to be expressed at a level high enough for GlgA protein and
glycogen to be detectable. These observations demonstrated that a
DNA sequence space between the pgp3 and pgp4 promoter regions is
required for proper expression of pgp4.

Introduction of premature stop codons reveals the require-
ment for the pgp8 coding DNA sequence but not the pgp8-en-
coded protein for plasmid maintenance. Although deletion of
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FIG 3 Effect of pgp3 coding sequence deletion on pgp4 expression. (A) The pgp3 coding region in the pGFP:SW2 shuttle vector was completely deleted
(L2RpGFPAPgp3) or partially deleted by keeping the 3" 72, 30, or 15 nucleotides (nt) of pgp3, resulting in L2ZRpGFPAPgp3(72), L2ZRpGFPAPgp3(30), and
L2RpGFPAPgp3(15), respectively. pBRCTAPgp3 has the 3’ 72 nucleotides of the pgp3 sequence. (*Information on transcripts driven by promoter 3 [P3] and
promoter 4 [P4] was reported in reference 9.) The relative amounts of transcripts are reflected by the thickness of the lines. (B) Both the pBRCT and pGFP::SW2
shuttle vectors and the derived constructs were used to transform L2R organisms. The corresponding transformants along with the plasmid-free L2R organisms,
as listed on top of the images, were used to infect HeLa cells. The infected cultures were either harvested for quantitation of pgp4 and ompA transcript levels (top
portion) by quantitative RT-PCR or processed for triple labeling of GIgA (red), chlamydial organisms (green), and DNA (blue) (a to h) or iodine staining (i to
p). Inclusions positive for glycogen staining are marked with white arrows, while those with a lack of glycogen staining are marked with white arrowheads. Note
that the pgp3 deletion mutants carrying 30 or more nucleotides in the 3’ pgp3 coding region express high levels of pgp4 transcripts and GIgA protein and

accumulate glycogen.

individual ORFs in their entirety can provide important informa-
tion on the function of the deleted ORFs, it fails to distinguish the
roles of the coding DNA sequences from those of the encoded
protein products. Thus, we next undertook nonsense mutation by
introducing a premature stop codon into each of the 8 plasmid-
encoded ORFs (Fig. 4). The abilities of the resulting L2R transfor-
mants to synthesize GlgA protein and glycogen were examined.
No stable transformants were obtained with plasmids that carry
premature stop codons in Pgpl, -2, and -6, suggesting that these
pgp DNA coding sequences are not sufficient but that the encoded
proteins are required for plasmid maintenance. Surprisingly, sta-
ble transformants were obtained with plasmids carrying a stop
codon at the 11th glutamic acid codon of Pgp8 (designated
L2RpGFPPgp8E11stop) or a stop codon at the 188th lysine codon
of Pgp8 (L2RpGFPPgp8K188stop). Please note that the mutant
with a deletion of the entire pgp8 coding region (e.g., pPGFPAPgp8)
failed to stably transform L2R (Fig. 1). These observations to-
gether suggested that it was the DNA sequence of pgp8 but not the
Pgp8 protein that was required for maintaining plasmid viability
in chlamydial organisms. The introduction of premature stop
codons into Pgp3, -4, -5, and -7 coding regions resulted in the C.
trachomatis transformants L2RpGFPPgp3L71stop, L2RpGFPP
gp4K13stop, L2ZRpGFPPgp5L9stop, and L2RpGFPPgp7L11stop,
respectively. All four transformant phenocopied the correspond-
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ing ORF deletion mutants (Fig. 4 versus Fig. 1). Neither ORF
deletion nor a premature stop in pgp3, pgp5, and pgp7 affected
plasmid replication or GIgA and glycogen syntheses, while both
pgp4 deletion and the premature stop mutants significantly re-
duced GIgA levels and glycogen accumulation.

The mCherry red fluorescent protein gene can be used to re-
place the pgp3, pgp4, and pgp5 coding regions for expression in
C. trachomatis. To further explore the utility of the chlamydial
plasmid shuttle vector pGFP::SW2, we used an mCherry red flu-
orescent protein gene to replace the coding region of pgp3, pgp4,
or pgp5 so that the mCherry gene was controlled by the native
chlamydial promoter(s) of pgp3, pgp4, or pgp5. The resultant L2R
organisms transformed with the three mCherry replacement mu-
tants were designated L2RpGFPmCherry(Pgp3), L2ZRpGFPm-
Cherry(Pgp4), and L2ZRpGFPmCherry(Pgp5), respectively. These
transformants were assessed for mCherry protein expression and
glycogen synthesis (Fig. 5). We found that the mCherry protein
was successfully expressed regardless of the pgp coding regions
that were replaced. This observation indicates that the native
chlamydial promoters and the ribosome-binding site upstream
of the cloned mCherry gene are functional in the transformed
chlamydial organisms. As expected, these C. trachomatis transfor-
mants largely phenocopied the corresponding ORF deletion
mutants, including L2ZRpGFPDPgp3(72), L2ZRpGFPDPgp4, and
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FIG 4 Effect of pORF premature stop on syntheses of GIgA protein and glycogen. A premature stop codon was introduced into each of the 8 pORFs. Stable
transformants, designated L2RpGFPPgp3L71stop, L2RpGFPpgp4K13stop, L2RpGFPpgp5L9stop, L2RpGFPpgp7L11stop, L2RpGFPPgp8Ellstop, and
L2RpGFPPgp8K188stop, together with wild-type L2 [L2 (Wt)], plasmid-free L2 (L2R), and L2R transformed with plasmid L2ZRpGFP::SW2, as listed on top of the
images, were used to infect HeLa cells. The infected cultures were monitored for live-cell bright-field appearance (a to i) and green fluorescence intensity (GFP)
(j to 1); triple labeled for GIgA protein (red) (bb to jj), chlamydial organisms (green) (s to aa), and DNA (blue) (bb to jj); and finally stained for glycogen
accumulation with iodine (kk to ss). Inclusions positive for glycogen staining are marked with white arrows, while those with a lack of glycogen staining are
marked with white arrowheads. Note that L2R transformed with pGFPPgp8E11stop or pGFPPgp8K188stop restored GIgA expression and glycogen accumula-
tion (ii, jj, rr, and ss). LZRpGPFPgp3L71stop, LZRpGFPpgp4K13stop, L2ZRpGFPpgp5L9stop, and LZRpGFPpgp7L11stop phenocopied their corresponding ORF

deletion mutants.

L2RpGFPDPgp5. Both L2RpGFPmCherry(Pgp3) and L2RpGFP
mCherry(Pgp5) displayed glycogen accumulation, whereas
L2RpGFPmCherry(Pgp4) lacked glycogen accumulation, likely
due to the reduced expression level of GIgA, which is consistent
with the phenotype of the Pgp4 ORF deletion mutant
(L2RpGFPDPgp4). Next, we evaluated the effect of mCherry ex-
pression on C. trachomatis gene expression by quantitative RT-
PCR. Like L2RpGFPAPgp4, L2RpGFPmCherry(Pgp4) organisms
displayed significantly reduced levels of pgp3 but normal levels of
ompA transcript, suggesting that Pgp4 positively regulates pgp3
expression, which is consistent with previously reported observa-
tions (16). Interestingly, L2RpGFPmCherry(Pgp3) but not
L2RpGFPmCherry(Pgp5) organisms showed much higher ex-
pression levels of pgp4, glgA, and ompA transcripts than did
L2RpGFP::SW2 organisms (Fig. 5B). In all, these mCherry re-
placement experiments have allowed us to obtain proof-of-con-
cept evidence for using the chlamydial plasmid to express non-
chlamydial genes.

DISCUSSION

Previous studies have shown that plasmid-free C. trachomatis se-
rovar L2 organisms can be transformed with chlamydial plasmid-
based shuttle vectors (15, 16) and that plasmid-encoded Pgpl, -2,
-6, and -8 are required for plasmid maintenance, while Pgp4 is a
transcriptional regulator of chlamydial gene expression and gly-
cogen synthesis (16). In the current study, we have not only con-
firmed these previous findings using the pGFP::SW2 shuttle vec-
tor system but also, importantly, unraveled novel information on
plasmid maintenance, gene expression, and the utility of this vec-
tor for expressing nonchlamydial genes. First, by using a combi-
nation of deletion and nonsense substitution mutation ap-
proaches, we were able to discern that the protein functions of
Pgpl, -2, and -6 but not those of Pgp8 were required for plasmid
maintenance. Second, we identified a minimum of 30 nucleotides
in the coding region of pgp3 as necessary for optimal expression of
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FIG 5 Expression of mCherry red fluorescent protein using chlamydial shut-
tle vector pGFP::SW2. The mCherry gene was used to replace the coding se-
quences of pgp3, pgp4, and pgp5. The replacement constructs were trans-
formed into L2R, and stable transformants, designated L2RpGFPmCherry
(pgp3), L2RpGFPmCherry(pgp4), and L2RpGFPmCherry(pgp5), respec-
tively, were obtained. These transformants together with wild-type L2 [L2
(Wt)], plasmid-free L2 (L2R), and L2R transformed with a plasmid
(L2RpGFP::SW2), as listed on top of the images, were used to infect HeLa cells.
(A) The infected cultures were processed for monitoring red fluorescence in-
tensity (mCherry; red) (a to f) and green fluorescence intensity (GFP; green) (g
to1), labeling DNA (blue) (m to r), and, finally, staining for glycogen accumu-
lation with iodine (s to x). Inclusions positive for glycogen staining are marked
with white arrows, while those with a lack of glycogen staining are marked with
white arrowheads. Note that red fluorescence was detected when the mCherry
gene was used to replace pgp3 (d), pgp4 (e), or pgp5 (f). (B) The expression
levels of pgp3, pgp4, and pgp5 as well as of the glgA and ompA genes were
quantitated by quantitative RT-PCR. Note that the mCherry replacement mu-
tants largely phenocopied the corresponding ORF deletion mutants, including
L2RpGFPAPgp3(72), L2RpGFPAPgp4, and L2RpGFPAPgp5.
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pgp4- Finally, we found that nonchlamydial genes could be cloned
to replace pgp3, pgp4, or pgp5 coding regions and expressed in
chlamydial organisms. These novel observations are significant
because they will promote the utility of the chlamydial plasmid
shuttle vector systems for further understanding chlamydial
pathogenic mechanisms and developing vaccines.

By simultaneously analyzing pORF deletion and nonsense sub-
stitution mutants, we have been able to differentiate the roles of
the plasmid DNA coding sequences versus the encoded proteins in
chlamydial plasmid maintenance. The observation that Pgp1 pro-
tein function is required for plasmid maintenance is consistent
with the predicted function of Pgpl as a DnaB-like helicase (10,
11, 27). Although Pgp2 and Pgp6 are Chlamydia-specific proteins
of unknown function, both this study and the previous study by
Song et al. (16) suggest that the Pgp2 and -6 proteins are required
for plasmid maintenance. An unexpected finding is that while the
pGFPAPgp8 plasmid is nontransformable, both pGFPPgp8E11
stop and pGFPPgp8K188stop stably transformed L2R. The dual
mutants were created to address the concern of the potential al-
ternative start codons in the 5’ region of the pgp8 gene. The fact
that pGFPPgp8K188stop phenocopied pGFPPgp8Ellstop sug-
gests that Pgp8 protein initiated at any codons upstream of K188 is
not required for plasmid maintenance. It is unlikely that Pgp8
protein fragments initiated downstream of K188 are functional.
Thus, we can conclude that the DNA coding sequence but not the
encoded Pgp8 protein is required for plasmid maintenance. The
question is how the Pgp8 DNA coding sequence contributes to
chlamydial plasmid maintenance. The chlamydial plasmid is
known to encode various small noncoding RNAs (ncRNAs), in-
cluding sRNA-2 (antisense to the 3" end of pgp8) and sRNA-7
(antisense to the 3’ end of pgp5) (28-30). Despite the truncation
or lack of Pgp8 protein in L2ZRpGFPPgp8E11stop organisms, the
region encoding sSRNA-2 remains intact and is likely active. Thus,
sRNA-2 may play an important role in the viability of the plasmid
in C. trachomatis. This hypothesis is consistent with previous find-
ings that SRNA-2 was expressed in both EBs and RBs (29, 31) and
was highly abundant (30). It remains unknown whether any other
features of the pgp8 DNA coding sequence can contribute to plas-
mid maintenance. Nevertheless, we can conclude that sRNA-7
encoded in the pgp5 coding region may not be important for plas-
mid maintenance, since deletion of sSRNA-7 did not affect the
viability of the plasmid in L2ZRpGFPAPgp5 organisms. Further
studies to elucidate the precise roles of plasmid-encoded ncRNAs
in chlamydial pathogenesis are ongoing.

Another surprising finding is the impact of pgp3 on pgp4 ex-
pression. The L2ZRpGFPAPgp3 organisms with a deletion of the
entire pgp3 gene displayed a 94% reduction in the pgp4 mRNA
level compared to the parent LZRpGFP organisms. This severe
reduction in pgp4 expression resulted in a lack of detection of
GIgA protein or glycogen, which can be reversed by keeping 30
or more nucleotides of the 3’ pgp3 coding region, as in
L2RpGFPDPgp3(30) organisms. It seems that the precise nucleo-
tide composition of the DNA sequence is not important, since
pgp4 was fully expressed when the entire pgp3 coding region was
replaced with an mCherry gene (Fig. 5). An explanation for the
disparity in pgp4 expression levels between L2ZRpGFPAPgp3 and
L2RpGFPAPgp3(30) is that the shortened space between pro-
moter 3 (P3) and promoter 4 (P4) in LZRpGFPAPgp3 organisms
might lead to interference with the functions of both P3 and P4.
Thus, despite the fact that pgp4 expression can be initiated from
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both P4 and P3 (Fig. 3A) (9, 32), the close-proximity-induced
interference between P3 and P4 still resulted in a significant re-
duction in pgp4 expression. Because pgp3 expression is regulated
by Pgp4, as demonstrated in both the current (Fig. 2) and previous
(16) studies, the finding of Pgp3 affecting pgp4 expression leaves
open the possibility that there might be transcriptional and/or
posttranscriptional feedback loops in regulating the expression of
the pgp3 and pgp4 genes during C. trachomatis infection.

In the current study, we confirmed that Pgp3, -4, -5, and -7 are
not required for plasmid maintenance, since mutant plasmids
with deletions of these individual ORFs can be stably transformed
in L2R organisms. This finding was validated by using the prema-
ture stop codon introduction approach. We then took advantage
of this finding and used these sites to express foreign genes in
chlamydial organisms. As a proof of principle, we used the
mCherry red fluorescent protein gene to replace pgp3, pgp4, and
pgp5 and found that mCherry was successfully expressed regard-
less of the site of replacement. Similarly, Wang et al. showed that
B-galactosidase was expressed under the control of a chlamydial
phage promoter when the B-galactosidase gene was used to re-
place pgp3 (18). Together, these observations have demon-
strated the plasticity of the chlamydial plasmid as an expression
vector. Florescence-labeled L2RpGFPmCherry(Pgp3), L2RpGFP-
mCherry(Pgp4), or LZRpGFPmCherry(Pgp5) organisms are being
used to facilitate the identification of transcription elements and
to understand how the transcription elements work during the
chlamydial developmental cycle. We are also in the process of
replacing pgp3, pgp4, and pgp5 with vaccine antigen and immuno-
stimulatory molecule genes.
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